Hidden magnetic order of Sr 2 Ir 1−x Rh x O 4 , x = 0.05 and 0.1, has been studied using muon spin relaxation spectroscopy. In zero applied field and weak longitudinal fields (µ 0 H L 2 mT), muon spin relaxation data can be well described by exponentially-damped static Lorentzian Kubo-Toyabe functions, indicating that static and dynamic local fields coexist at each muon site. For µ 0 H L 2 mT, the static rate is completely decoupled, and the exponential decay is due to dynamic spin fluctuations. In both zero field and µ 0 H L = 1-2 mT, the temperature dependencies of the exponential muon spin relaxation rate exhibit maxima at 215 K for x = 0.05 and 175 K for x = 0.1, suggesting critical slowing down of electronic spin fluctuations. The field dependencies of the dynamic spin fluctuation rates can be well described by the Redfield relation. The correlation time of this electronic spin fluctuation is in the range of 2-5 ns for Sr 2 Ir 0.9 Rh 0.1 O 4 , and shorter than 2 ns for Sr 2 Ir 0.95 Rh 0.05 O 4 . The rms fluctuating field is on the order of 1 mT, which is consistent with the polarized neutron diffraction cross-section.
I. INTRODUCTION
Iridium oxides have attracted growing attention because their physical properties can be significantly influenced by the combination of strong spin-orbit interactions and electron correlations. Sr 2 IrO 4 , an archetypal J eff = 1/2 Mott insulator, has structural, electronic, and magnetic properties similar to those of the S = 1/2 Mott insulator La 2 CuO 4 [1] [2] [3] [4] [5] . Fermi arcs and a V-shaped lowenergy gap in electron-doped Sr 2 IrO 4 remarkably resemble the properties of hole-doped cuprate superconductors [6] [7] [8] [9] . Theoretical predictions and empirical experimental observations suggest that doped Sr 2 IrO 4 is a promising system for comparison with cuprates, and may even possess new states of matter [1, 10] .
Recently an odd-parity hidden order, which breaks spatial inversion and rotational symmetry, was inferred from an optical second harmonic generation (SHG) study of undoped and Rh-doped Sr 2 IrO 4 [11] . Polarized neutron diffraction (PND) further revealed that this order breaks timereversal symmetry while preserving translation symmetry of the lattice [12] . The broken symmetries of this hidden magnetic order are consistent with the loop-current model [13] proposed to explain exotic properties of the pseudogap state in cuprates [14] .
The nature of the pseudogap state is a fascinating puzzle in condensed matter physics. The observation of spontaneous breaking of time-reversal symmetry in Bi 2 Sr 2 CaCu 2 O 8+δ [15] provides evidence that the pseudogap is a novel phase rather than a crossover. The pioneering PND studies of Fauqué et al. on YBa 2 Cu 3 O 6+x (YBCO) [16] revealed an intra-unit-cell (IUC) magnetic order (i.e., order that preserves lattice translational symmetry) in the pseudogap phase. A similar IUC magnetic order in the pseudogap phase was subsequently found in HgBa 2 CuO 4+δ [17] and Bi 2 Sr 2 CaCu 2 O 8+δ [18] . However, the absence of static magnetic fields with expected amplitude in nuclear magnetic resonance [19, 20] and muon spin relaxation/rotation (µSR) [21] [22] [23] [24] experiments has raised doubts about the existence of IUC magnetic order. Recently, Zhang et al. [25] discovered slow magnetic fluctuations in YBCO via the field dependence of the dynamic muon spin relaxation rate, demonstrating magnetic order in the pseudogap phase of this system. The correlation time τ c of these fluctuations is on the order of 10 -9 s, so that they are static on the neutron time scale (10 −11 s) [12] .
The µSR technique [26] [27] [28] is unmatched in its sensitivity to magnetic field on the local (atomic) scale. In particular, µSR is capable of detecting nearby static magnetic moments in the range of 0.001-0.01 µ B , and it can measure correlation time of magnetic fluctuations in the range of 10 −4 to 10 −12 s, depending on the magnitude of magnetic fields at muon sites. Since the hiddenorder phase in Sr 2 Ir 1−x Rh x O 4 resembles that in the pseudogap state of cuprates, the hidden-order magnetism might also fluctuate with a comparable time scale in Sr 2 Ir 1−x Rh x O 4 . µSR should be a suitable probe to detect such fluctuations.
Using zero field (ZF) and longitudinal field (LF) µSR techniques, here we report the observation of slow spin dynamics with a time scale of 10 -9 s, comparable to the fluctuation rate in cuprates [25] . These results suggest a similar origin of electronic spin dynamics. The temperature dependencies of ZF and LF relaxation rates exhibit maxima at a temperature T * , consistent with the hidden order temperature observed in SHG [11] and PND [12] experiments. We interpret this result as further evidence for the hidden order revealed by the SHG and PND studies [11, 12] .
II. METHODS
Single crystals of Sr 2 Ir 1−x Rh x O 4 , x = 0.05 and 0.1, were grown from off-stoichiometric quantities of SrCl 2 , SrCO 3 , IrO 2 , and RhO 2 using a self-flux method. Details of the method are described elsewhere [29] . The average size of the crystals is 1×1×0.2 mm 3 , with the 1×1 surface in the ab plane [30] . Powder X-ray diffraction, magnetic susceptibility, and resistivity measurements were performed on a Bruker DISCOVER 8 diffractometer, a Quantum Design SQUID magnetometer, and a Quantum Design physical properties measurement system, respectively. ZF-, LF-, and weak transverse field (wTF) µSR experiments were performed using the ISIS EMU spectrometer at Rutherford Appleton Laboratory, Didcot, U.K., the S1 spectrometer at J-PARC, Tokai, Japan, and the GPS spectrometer at the Paul Scherrer Institute, Villigen, Switzerland.
A. The SR technique
In the time-differential µSR technique [26] [27] [28] , the time evolution of the ensemble muon spin polarization G(t) in a sample is obtained from measurements of the asymmetry spectrum A(t) in count rates of beta-decay positrons, where t is the time after muon implantation. In general
where the initial asymmetry A 0 depends on spectrometer details but is roughly 0.2. The behavior of local fields at muon sites due to nuclear and electronic magnetism is reflected in the form of G(t). Relaxation (loss of muon polarization) is due to dephasing of muon precession in a distribution of static local fields, dynamic fluctuations of local fields, or a combination of these; often the form of the static local field distribution can be determined.
Nuclear magnetism usually results in dipolar fields that are quasistatic (slow compared to the relevant time scale), since nuclear spin fluctuations normally obey this condition [31] . For randomly-oriented quasistatic Gaussian and Lorentzian field distributions, the ZF muon spin polarization functions G(t) are given by [31] G Gauss
and [32] G Lor ZF (t) =
respectively. These are examples of so-called Kubo-Toyabe (KT) relaxation functions [33] . Static muon spin relaxation can be "decoupled" by applying a sufficiently strong longitudinal field, since then the resultant field is nearly parallel to the initial muon polarization and there is little precession. We denote a static LF KT polarization function by G Gauss LF (t) [31] or G Lor LF (t) [32] . Dynamic muon spin relaxation is caused by fluctuating local fields B loc (t) at muon sites. G(t) depends on properties of B loc , one of which is the correlation time τ c that characterizes its stochastic time dependence. When γ µ B rms loc τ c 1, where γ µ /2π = 135.53 MHz/T is the gyromagnetic ratio of the muon and B rms loc = B 2 loc (t) 1/2 is the rms value of the local field, the relaxation is in the so-called "motional narrowing" limit. This results in G(t) decays exponentially [G(0) = 1]:
where the relaxation rate λ is of the order of (γ µ B rms loc ) 2 τ c , i.e., proportional to τ c . In this limit, λ ≡ λ ZF = 2(γ µ B rms loc ) 2 τ c in ZF [28] . In a LF experiment, the field dependence of the relaxation rate λ ≡ λ LF is given by the Redfield relation [28, 34] 
This field dependence has been observed in a number of systems, including the high temperature superconductor YBCO [25] and the heavy fermion superconductor PrOs 4 Sb 12 [35] .
III. RESULTS

A. AFM state
wTF-µSR can be used to determine the transition from the paramagnetic to the ordered magnetic state [28] . In a paramagnet, muon spins precess in the applied field at the Larmor frequency, usually without strong depolarization. In the magnetically-ordered state, a broad distribution of static internal fields results in a rapid relaxation of the wTF muon polarization. Then any precessing signal at late times originates from the muons that miss the sample and stop in the sample holder [36] . The observed initial precessing asymmetry A 0 is the sum of both sample and silver asymmetries above T N , but is only the silver asymmetry well below the transition. corresponding to the onset of AFM order is observed below Néel temperatures T N = 175(5) K and 110 (5) K for x = 0.05 and 0.1, respectively. These results agree well with previous determinations of T N , as discussed in Sec. III B 2.
B. Paramagnetic state
Muon spin relaxation in ZF and low-field LF
Above T N , the ZF muon spin depolarization can be well described by either Eq. (2) or Eq. (3).
As discussed in Sec. II A, these two functions represent relaxation by static and dynamic muon local fields, respectively. To decide between these situations, low-field LF-µSR experiments were preformed. As shown in Fig. 2 , the spectra exhibit strongly damped oscillations at the LF frequency, and the initial slopes of the spectra are field-independent. These are characteristic of a static LF KT function [31] . There is hardly any difference between spectra at µ 0 H L = 2 mT and 3 mT, as expected from decoupling of static local fields. However, at these fields there is still relaxation with a significant value of the damping rate, which must be dynamic in nature.
Fits of the static LF Lorentzian KT function [32] with exponential damping
shown in Fig. 2 , and describe the data well at all fields. This function models the combined effects of static (nuclear) and dynamic (electronic) local fields that coexist as vector sums at the muon site(s) [32] .
Temperature dependencies of the relaxation rates
In a weak LF, the asymmetry spectra are best described by Eq. (5) . The two relaxation rates in this function are highly correlated statistically in the data, and cannot be separated. In particular, a simple exponential [Eq.
(3)] provides good fits to ZF data, where λ ZF is much larger than in high field and is therefore dominated by the static relaxation rate. In 10 or 20 mT LF, the static component is essentially decoupled [G Lor LF (t) 1], and the relaxation is again simple exponential. We also use Eq. (3) to fit LF data at higher fields, where λ ≡ λ LF is a dynamic relaxation rate. Fig. 3(e) . The values of T N match well with dc magnetic susceptibility data [30] , and T * values agree with symmetry-breaking hidden-order transition temperatures obtained from SHG [11] and PND [12] experiments. The latter agreement provides strong evidence that the muon spin relaxation is due to fluctuations of the hidden order. Table I . For x = 0.1, B rms loc and τ c are relatively well determined. The relaxation is in the extreme motional narrowing limit: γ µ B rms loc τ c ≈ 3.6 × 10 −3 . For x = 0.05 the field dependencies of λ LF are not as clear as for x = 0.1, due to the very small values of the rates and the likelihood that τ c is too short to allow the decrease in λ LF for γ µ H L τ c > 1 [Eq. (4)] to be well resolved with the highest available field. The 188-K data are hard to fit with both B rms loc and τ c free without data from higher fields (µ 0 H L > 400 mT); B rms loc was fixed at 1.2 mT to obtain an estimated correlation time that is shorter than 2 ns.
The observed small relaxation rates are close to the limit of the µSR technique [38] , and their uncertainties are large, as are those of the fitted parameters from Eq. (4); the data of Table I do 
IV. DISCUSSION
A. Comparison with other experiments and theory
As noted above, the observed values of the peak temperatures T * are in good agreement with the results of SHG [11] and PND [12] experiments. Fauqué et al. [16] reported that in YBCO the neutron scattering cross section of the IUC order is ∼1-2 mbarns/formula unit, from which they deduced an ordered magnetic moment of 0.05-0.1 µ B . Based on dipolar lattice-sum calculations, Zhang et al. [21, 25] [30] . Diamonds: long-range and short-range T N from resonant x-ray diffraction [37] . Open circles: hidden order transition temperature T * from µSR (this work). Squares: T Ω from second harmonic generation [11] . Triangles: T mag from polarized neutron diffraction [12] . Compared to SHG and PND experiments [11, 12] , µSR characterizes T * from a different aspect: critical slowing down, evidenced by relaxation rate maxima at T * . However, static magnetism does not set in below T * as it would for a conventional phase transition. Muon spin relaxation but no static magnetism below T * has also been observed in YBCO [25] , and has been associated with fluctuations of IUC magnetic order. In the loop-current theory of Varma [39] , loop-current order forms domains with a finite correlation length and consequent low-frequency excitations at all temperatures; these are quasistatic on the PND time scale but prevent truly static order. This behavior is suggested by our µSR results, but quantitative comparison must await further development of such a theory.
B. Origin of the peaks in λ LF
The relaxation-rate maxima in Figs. 3(a)-(d) suggest critical slowing down and a phase transition at T * , but they might alternatively be due to a passage through a so-called "BPP peak" [40] ,
i.e., the maximum in Eq. (4) as a function of τ c at τ c = 1/γ µ H L . In this scenario τ c varies monotonically with temperature, and T * is not a transition temperature.
We test such a hypothesis by comparing Eq. (4) with the observed τ c . Figure 5 the ranges of estimated τ c values for x = 0.05 and 0.1, respectively. In these ranges λ LF varies monotonically with τ c . This rules out the possibility that the maxima of λ LF (T ) at T * are due to a passage through the BPP peak, and confirms that the maxima are due to critical slowing down. The quasistatic muon relaxation rate due to nuclear dipolar fields is usually temperatureindependent at low temperatures, with a decrease with increasing temperature due to the onset of thermally-activated muon diffusion [26] [27] [28] . As shown in Figs. 3(a) and (c), λ ZF exhibits such a decrease underneath the relaxation rate maxima. The observed temperature dependence qualitatively resembles that in copper [42] .
D. Statistical analysis
The statistical significance of the peaks in λ(T ) [Figs. 3(a)-(d)] is not large, and it requires further discussion. Following the treatment of Ref. 25 , we define the inverse relative standard deviation (IRSD) (the N in "N σ") for each peak as follows: a baseline is drawn between points chosen above and below the peak. The IRSD for the peak is then [ i A i |A i |/σ 2 i ] 1/2 , where the sum is over the points in the peak, A i is the point amplitude relative to the baseline, and σ i is the point standard deviation. The sign of A i is included to account for negative contributions.
The results are shown in Table II . It can be seen that the ZF IRSD for x = 0.1 is very large; this and the width of that peak are not understood. The other values are reasonable, given the crudeness of the procedure.
V. CONCLUSIONS
Our µSR study of the Sr 2 Ir 1−x Rh x O 4 system has revealed slow electronic magnetic fluctuations associated with the hidden magnetic order discovered in SHG [11] and PND [12] experiments. The temperature dependencies of the zero-field and longitudinal-field dynamic relaxation rates λ ZF (T ) and λ LF (T ) exhibit maxima near the hidden-order transition temperatures T * found in SHG [11] and PND [12] experiments, suggesting critical slowing down of magnetic fluctuations, followed by a transition to a state characterized by fluctuations of the hidden order parameter. The field dependencies of λ LF are well described by the Redfield relation [Eq. (4)], fits to which yield estimated correlation times in the range of 2-5 ns for Sr 2 Ir 0.9 Rh 0.1 O 4 and shorter than 2 ns for Sr 2 Ir 0.95 Rh 0.05 O 4 . These results are quite similar to those observed in the YBCO system [25] .
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